The NUP98 gene is fused with 19 different partner genes in various human hematopoietic malignancies. In order to gain additional clinico-hematological data and to identify new partners of NUP98, the Groupe Francophone de Cytogé né tique Hé matologique (GFCH) collected cases of hematological malignancies where a 11p15 rearrangement was detected. Fluorescence in situ hybridization (FISH) analysis showed that 35% of these patients (23/66) carried a rearrangement of the NUP98 locus. Genes of the HOXA cluster and the nuclear-receptor set domain (NSD) genes were frequently fused to NUP98, mainly in de novo myeloid malignancies whereas the DDX10 and TOP1 genes were equally rearranged in de novo and in therapy-related myeloid proliferations. Involvement of ADD3 and C6ORF80 genes were detected, respectively, in myeloid disorders and in T-cell acute lymphoblastic leukemia (T-ALL), whereas the RAP1GDS1 gene was fused to NUP98 in T-ALL. Three new chromosomal breakpoints: 3q22.1, 7p15 (in a localization distinct from the HOXA locus) and Xq28 were detected in rearrangements with the NUP98 gene locus. The present study as well as a review of the 73 cases previously reported in the literature allowed us to delineate some chromosomal, clinical and molecular features of patients carrying a NUP98 gene rearrangements.
Introduction
The first rearrangement of the NUP98 gene in hematopoietic malignancy was reported in 1996 by Nakamura et al. and Borrow et al. in a study of the rare but recurrent translocation t(7;11)(p15;p15), 1, 2 Subsequently, it was shown that NUP98, like MLL, ETV6 and RUNX1, is the target of rare and various chromosomal rearrangements associated with childhood and adult de novo and therapy related, myeloid and lymphoblastic T-cell acute leukemias. Until now, NUP98 has been found rearranged with 19 different partner genes resulting in in-frame fusion genes subclassified into three groups. The first group is composed of nine genes coding for homeodomain proteins, seven homeotic genes (HOXA9, HOXA11, HOXA13, HOXC11, HOXC13, HOXD11 and HOXD13), [3] [4] [5] and two class-2 homeobox genes (PRRX1 and PRRX2). 6, 7 The second group comprises eight nuclear nonhomeotic genes: the lens epithelium-derived growth factor (LEDGF), [8] [9] [10] [11] the nuclear-receptor binding set domain genes (NSD1), [12] [13] [14] [15] [16] and NSD3, 17 the helicase DDX10, [18] [19] [20] [21] the topoisomerase TOP1, [22] [23] [24] [25] [26] and TOP2B genes, 27 the FN1 gene 28 and the C6orf80 gene. 29 The third group is composed of two genes, respectively, RAP1GDS1 30, 31 and ADD3 32 encoding two cytoplamic proteins and fused to NUP98 in T-ALLs.
The NUP98 gene, maps to chromosome 11p15.4, is 122 kb long and is located 3.6 Mb from the telomere on the short arm of chromosome 11. It is composed of 33 exons and codes for a Nup98-Nup96 precursor of 1729 amino acids, which after cleavage generates the Nup98 protein (860 amino-acids coded by the 18 first NUP98 exons) and Nup96 protein (849 aminoacids coded by the last 15 exons). Both belong to the nucleopore complex (NPC). Nup98 is dynamically associated with NPC and shuttles between the nucleus and the cytoplasm transporting protein and RNA through its N-terminal 524 amino acid part containing 37 FG and GLFG repeats and a Gle2 site that allows karyophorins and RNA transporting protein binding. [33] [34] [35] All NUP98 disruptions, which have been studied at the molecular level, generate a NUP98-partner gene fusion transcript whereas the reciprocal transcript, partner/NUP98, is not always present. Thereby, it is the NUP98/partner gene, situated on the derivative chromosome 11, that codes for the oncogenic hybrid protein. All NUP98 gene breakpoints are located between introns 8 and 16. The hybrid protein always contains the Nup98 N-terminal GLFG domain fused to some domain of the partner protein and, the expression of the fusion gene is dependent on the 5 0 regulatory NUP98 expression region. Kasper et al. demonstrated that the GFLG domain, in the Nup98-Hoxa9, was essential for the leukemic process because of its ability to recruit coactivators such as Cbp/p300. 36 In the same experiment, they also demonstrated the importance of the homeodomain of Hoxa9 in the cell transforming ability. If homeoproteins are clearly implicated in hematopoiesis, the role of the other partner genes in hematopoiesis is not known. The study of their function as well as the description of new NUP98 partner genes will help in the understanding of hematopoietic and leukemic pathways.
In order to find new partners genes of NUP98, the Groupe Francophone de Cytogénétique Hématologique (GFCH) decided to screen 66 patients with various hematopoietic malignancies and a 11p15 rearrangement. Twenty-three (35%) of these patients exhibited chromosomal abnormalities involving NUP98. Three new chromosomal breakpoints were detected in chromosomal bands rearranged with the NUP98 locus. Moreover, an analysis of our results as well as those published in the literature allowed us to further delineate some chromosomal, clinical and molecular features of patients carrying a NUP98 gene rearrangements.
Materials and methods

Patients
Karyotypes of 71 patients with various hematological malignancies associated with a 11p15 chromosomal anomaly were reviewed during two workshops by the members of the Groupe Francophone de Cytogénétique Hématologique. Only 66 patients with a chromosomal pellet were selected for FISH screening to detect a NUP98 disruption: 41 had a de novo myeloid disorder, 10 had received therapy and developed a treatment-related acute myeloid leukemia (t-AML) or myelodysplastic syndrome (t-MDS), five had a T-cell malignancy (four T-ALL, one Sézary syndrome), eight developed a B-cell neoplasm (three B-ALL, two chronic lymphocytic leukemias, two diffuse large B-cell lymphoma, one multiple myeloma), one had a biphenotypic leukemia and one had an unclassifiable acute leukemia. In the group of de novo myeloid malignancies, five had a chronic myeloproliferative disorder (two chronic myelogenous leukemias, one essential thrombocythemia, two Ph-negative chronic myeloproliferative disorders), five had a myelodysplastic syndrome and 31 AML: six AML with multilineage dysplasia, two minimally differentiated AML (AML-M0 according to the French-American-British FAB Classification), five AML without maturation (AML-M1), four AML with maturation (AML-M2), seven acute myelomonocytic leukemias (AML-M4), six acute monocytic leukemias (AML-M5), one acute erythroid leukemia (AML-M6), Patients'general data and history can be obtained upon request to serge.romana@nck.aphp.fr.
Fish studies
For detection of NUP98 rearrangements, dual color FISH experiments were performed with a 'NUP98 probe' composed of two contiguous BAC clones: RP11-120E20, labeled with Rhodamine-dUTP and RP11-258P13, labeled with FITC-dUTP (see Figure 1a) .
Dual color FISH experiments were performed to characterize the NUP98 fusion partners. For this purpose, we designed BAC and PAC clones spanning loci of the NUP98 partners on the basis of the karyotype and the results of the NUP98 rearrangement FISH screening. For the HOXA complex, we used three PAC clones (RP1-170O19 (AC004080), RP5-1200I23 (AC004996) and RP5-1103I5 (AC004009)) spanning the HOXA3 to the HOXA13 loci. For all the other gene loci, we chose one or two BAC clones covering the entire gene loci (http://genome.ucsc.edu/): RP11-486H4 and RP11-724M22 for RAP1GDS1 gene, RP11-801G16 and RP11-700F9 for DDX10 gene, RP11-350N15 and 675F6 for NSD1, RP11-333B24 for NSD3, RP11-111H12 and 126O24 for TOP1, RP11-641C1 and RP11-702L24 for ADD3, RP11-206H24 for PRRX2 and RP11-900M13 for C6orf80. The BAC RP11-479B17 was used as probe for the telomeric Xqtel. BAC DNA was extracted with QIAfilter Plamid Maxi-Kit (Qiagen) following the manufacturer's instructions and labeled by nick translation with spectrum orange and spectrum green dUTP (Vysis Inc., Downers Grove, IL, USA). Hybridization was performed as described previously. 37 The images were captured by a Sensys camera (Photometrics Ltd, Tucson, AZ, USA) and processed with a QFISH software (Leica).
RT-PCR analysis
For patients nos. 1, 2, 3, 12, 13, 15, 19, 61 and 66 we obtained viable bone marrow cells from which total RNA could be extracted and RT-PCR experiments performed. Primer sequences used for these experiments are listed in Figure 2 . The PCR products were purified and sequenced.
Quantitative RT-PCR (Q RT-PCR)
cDNA from patients no. 5 and 13 carrying a t(5;11;12)(q35;p15;q24) translocation and a t(8;11)(p11;p15) translocation, respectively, were amplified with a forward primer specific to NUP98 and two reverse primers specific for NSD1 and NSD3 (see Figure 2 ), in the presence of the qPCR Master Mix for SYBR green I (Eurogentec, Liege, Belgium). After a denaturation step (10 min at 951C), 45 cycles of amplification (10 s at 951C followed by 1 min at 601C) were performed on a Stratagene MX3000p instrument. For each cycle, data were collected at the end of the extension step. Fluorescence recorded was then plotted against the number of cycles.
Results
NUP98 rearrangements
Dual color FISH experiments using the 'NUP98 probe' detected a disruption of the NUP98 gene (see Figure 2b ) in 23 patients (35%) ( Table 1 , GFCH patients). Fourteen patients (60%) were female, four (17%) were children, 11 (48%) had a de novo AML/ MDS and eight (35%) a treatment-related AML/MDS. T-ALL was diagnosed in four patients (17%). In the present series no NUP98 rearrangement was found in B-lymphoid malignancies or in chronic myeloproliferative disorders.
A comparison of the karyotypes of patients with and without NUP98 a rearrangement showed that karyotypes with a NUP98 rearrangement were always simple in the stemlines (less than four chromosomal abnormalities), whereas the karyotypes of patients without NUP98 rearrangement were mainly complex. These karyotypes can be obtained upon request to serge.romana @nck.aphp.fr
NUP98 partners detection
Dual color FISH experiments, RT-PCR and RQ-PR were performed to identify the NUP98 partner genes (see Figure 1c Recurrent chromosomal abnormalities involving NUP98. As expected, recurrent chromosomal translocations already described by others were found in the samples studied. A t(7;11)(p15;p15.4). translocation was found in seven patients (nos. 6-9, 11-12, 61): four cases with a de novo acute myelomonocytic leukemia, two with AML with maturation and only one therapy-related AML. In six of the seven patients, dual FISH using a NUP98 probe and a HOXA probe indicated the classical fusion between the two loci ( Figure 1c ) with a double yellow colocalization on the two derivative chromosomes 7 and 11 besides normal green and red signals, respectively, on the unrearranged chromosomes. Owing to the shortage of material, we could amplify a NUP98 exon 12/HOXA9 exon 1b transcript fusion only in patient 12 ( Figure 2a) . In patient 61 (Figure 1d ), the HOXA signal probe was located on both chromosomes 7, Example of patient 17 with a NUP98 disruption due to a recurring t(3;11)(q21;p15) translocation: a strong signal, located on the normal chromosome 11 (arrow head), a green signal on the der(3) chromosome (arrow) and a strong green signal colocalized with a faint red signal on the der(11) chromosome (arrow) (due to the asymetric splitting of the RP11-120E20) are observed. (c-m): Detection of NUP98/partner gene fusions by FISH. The two NUP98 BAC probes were labeled by FITC d-UTP (green) and the partner gene probe by Rhodamine d-UTP (red). Arrows indicate the derivative chromosomes. (c) A t(7;11) translocation with NUP98/HOXA; (d) a t(7;11) translocation without HOXA locus rearrangement; (e) an inv(11) inversion with NUP98/DDX10; (f) a t(11;11) translocation with NUP98/DDX10; (g) an ins(11) insertion with NUP98/DDX10; (h) a t(4;11) translocation with NUP98/RAP1GDS1; (i) a t (11;20) translocation with NUP98/TOP1; (j) a t(10;11) translocation with NUP98/ADD3; (k) a t(9;11) with NUP98/PRRX2; (l) a t(6;11) translocation with NUP98/C6ORF80 and (m) a t(X;11)(q28;p15) translocation. For this last patient (no. 17), the NUP98 probe is labeled with FITC and the telomeric probe RP11-479B17 is labeled with rhodamine.
whereas the NUP98 probe generated one signal on the unrearranged chromosome 11, one on the derivative 11 and a third signal colocalized with the HOXA probe on the derivative chromosome 7. Specific RT-PCR did not detect a NUP98/ HOXA9, nor NUP98/HOXA11, nor a NUP98/HOXA13 fusion genes in this case. We deduced that a new chromosomal 7p15 breakpoint was involved.
Various chromosome rearrangements involving 11p15 and 11q22 suggesting a NUP98/DDX10 fusion gene were detected in four cases: two cases (no. 4 and 70) with a classical inv(11)(p15q22) inversion, one case (no. 2) with a t(11;11) (p15;q22) translocation and one case (no. 3) with an ins(11) (q22;p11p15) insertion. In the two first cases, dual color FISH experiments with BACs overlapping the DDX10 locus as well as the NUP98 locus confirmed the karyotypic abnormality with a double colocalization on the inverted chromosome 11 ( Figure 1e ). The same FISH experiment in patient 2 showed a colocalization of signals on the two derivative chromosomes 11 confirming the diagnostic of t(11,11)(p15;q22) translocation ( Figure 1f ). In patient 3, an ins(11)(q?p11p15.4) insertion was suspected because the der(11) appeared as an acrocentric chromosome. The NUP98 probe generated two signals on the der(11), one on the telomeric part of the small arm and one near the extremity of the long arm. On the other hand, the DDX10 probe generated a signal fused with the telomeric NUP98 11q signal and one, more centromeric, on the der(11)(q22) chromosome ( Figure 1g ). This combination of signals corresponds to an inverted insertion of the p11p15.4 bands into the DDX10 locus on 11q22. For patients 2 and 3, RT-PCR amplified a NUP98 exon14/DDX10 exon 7 transcript fusion ( Figure 2a ). These NUP98/DDX10 fusion genes were associated with an acute monocytic leukemia (patient no. 3), an acute myelomonocytic leukemia (patient no. 4), a therapy-related MDS (patient no. 2) and a therapy-related AML (patient no. 70).
A translocation t(4;11)(q21;p15) was observed in patients 4 and 66, both having an T-ALL. By dual color FISH experiments, only interphase nuclei could be analysed in these two patients. Figure 1h shows the signals observed: one red signal coming from the normal RAP1GDS1 locus hybridization, two green signals and a colocalized signal. As the two BACs chosen for RAP1GDS1 detection cover the middle and the 3 0 part of the gene and because the classical RAP1GDS1 t(4;11) breakpoint is located in intron 1, we deduced that the signal colocalization represented the NUP98/RAP1GDS1 fusion gene located on the der(11). This was confirmed by specific RT-PCR experiments that showed a NUP98/RAP1GDS1 transcript fusion in both patients ( Figure 2a) . As a result of material degradation, we could not sequence patient 66 amplification product.
A translocation t(11;20)(p15;q11) was found in two patients: patient 15 with an AML without maturation and patient 16 with a therapy-related AML. Dual color FISH showed a double colocalization signal indicating a NUP98/TOP1 and its reciprocal TOP1/NUP98 fusion (Figure 1i ). RT-PCR confirmed this result in patient 15 (Figure 2a (c) Oligonucleotide primer sequences: NUP98-1 was used for the amplification of NUP98/HOXA9, NUP98/HOXA11 and NUP98/ HOXA13; NUP98-2 was used for the amplification of NUP98/TOP1; NUP98-3 was used for the amplification of NUP98/RAP1GDS1; NUP98-4 was used for the amplification of NUP98/DDX10; NUP98-5 was used for the amplification of NUP98/NSD3and NUP98-6 was used for the amplification of NUP98/NSD1. The study includes a total of 96 patients: 23 NUP98 described in this study (designed in the table as GFGH) and 73 patients described in the literature all carrying a NUP98 disruption. NP3, NPX and NP7 ¼ putative gene fused to NUP98, respectively, by the t(3;11)(q12.2; p15), the t(X;11)(q28;p15) and the t(7;11)(p15;p15 17 in 2002, was detected in patient 13 and was associated with a therapy-related MDS. This suggested a NUP98/NSD3 fusion that was confirmed by RQ-PCR (Figure 2b) .
A t(10;11)(q24;p15) translocation described by Lahortiga et al. 32 was found in patient 14 who had a therapy-related AML. With dual color FISH we could demonstrate a NUP98/ ADD3 fusion. Indeed, a colocalization of the NUP98 and the ADD3 probes was seen on the der(11). However, no colocalized signal was detected on the der(10) because of the lack of the ADD3 signal on this chromosome. We deduced that the der(10) was bearing a 5 0 ADD3 gene deletion (Figure 1j ). A t(9;11)(q34;p15) translocation first described in 2005 by Gervais et al., 7 was found in patient 18 suffering from a therapyrelated leukemia. We used a BAC spanning the PRRX2 gene locus in dual color FISH experiments with the 'NUP98 probe' and we detected a double colocalization signal on the two derivative chromosomes indicating a NUP98/PRRX2 fusion (Figure 1k) A t(6;11)(q21-22;p15) translocation was detected in patient 19 with T-ALL. We found that the BAC RP11-900M13 containing the C6orf80 gene locus was split by the translocation. Dual color FISH experiments with the 'NUP98 probe' and BAC RP11-900M13 detected a double colocalization indicating a recombination between the two genes and relocalized the chromosomal 6 breakpoint to 6q24.1 (Figure 1l ). Southern blot analysis demonstrated a fusion between NUP98 intron 13 and C6orf80 intron 2 and a specific RT-PCR amplified a fusion between NUP98 exon 13 and C96orf80 exon 2 (A Petit, personal communication). Although this analysis was in progress, Tosi et al. described recently the same fusion gene in a patient who presented with an acute megakaryocytic leukemia (AML-M7). 29 New chromosomal rearrangements invloving NUP98. Finally, two new translocations disrupting the NUP98 locus were found in the present study: a t(3;11)(q12.2;p15.4) translocation in two patients, with T-ALL (patient 20) and a MDS (patient 71), and a t(X;11)(q28;p15) translocation in patient 17 having a therapy-related AML. This patient showed a t(5;12) as the only one chromosomal abnormality observed in the stemline and an add(11)(p15) chromosome in two sidelines. FISH with the 'NUP98 probe' showed a split NUP98 signal with one signal on the der(11) chromosome and one on a chromosome that looked like a chromosome X on the basis of the DAPI inverted image. To prove that it was a t(X;11) translocation, we cohybridized the NUP98 probe with an Xq telomeric probe. We observed two Xqtel signals, one on the nonrearranged chromosome X and one colocalized with the splitted NUP98 probe signal on the der(11) chromosome. Two other NUP98 probe signals were observed on the nonrearranged chromosome 11 and on the der(X)(qtel) chromosome (Figure 1m ). This combination of signals was observed in every mitosis studied. We deduced that patient 17 carried a semicryptic t(X;11)(q28;p15) translocation present in all leukemic cells.
Discussion
FISH analysis of 66 patients with hematological malignancies associated with a chromosome 11p15 anomaly, allowed us to detect 23 (35%) patients carrying a chromosome 11 anomaly involving the NUP98 gene and 12 other loci from various chromosomes. The percentage of NUP98 rearrangements detected in our series is similar to the results observed in a recent study using FISH on patients selected on the presence of 11p13-p15 rearrangements (five patients out of 14: 35%). 38 It is higher than the frequency observed by Kobzev et al. 4 where seven out of 46 patients studied (15%) had a NUP98 anomaly. As expected, several rearrangements such as those recombining NUP98 with HOXA cluster locus, DDX10, TOP1 and RAPAGDS1 were also observed in the present study. Four translocations t(10;11)(q24;p15), t(6;11)(q24;p15), t(9;11)(q34;p15) considered unique previously and t(8;11)(p11.2;p15) are now emerging as recurrent rearrangements. An unusual rearrangement of NUP98 was observed in a patient with a t(7;11)(p15;p15) translocation but no fusion with any of HOXA genes. This abnormality, resembling the one reported by Takeshita et al. 39 in 2004, suggests the existence of alternative breakpoints on chromosome 7. Finally, two new translocations were identified. One involved the NUP98 gene and band 3q21 (two cases). The other one involved band Xq28. The molecular characterization of these chromosomal rearrangements is ongoing.
This study confirms that NUP98 is the target of many chromosomal abnormalities and that, contrary to previous claims, various NUP98 disruptions are found in Caucasians as well as in Asian populations. [40] [41] [42] [43] The incidence of chromosome-associated NUP98 rearrangements observed in patients with various hematopoietic malignancies 16, 38, 43, 44 is low (1-2%). In comparison, other genes such as MLL, RUNX1 and TEL/ETV6 rearrange frequently in hematological malignant disorders. Owing to this low incidence, it appeared useful to pool the data of our 23 patients to those observed on 73 patients reported the literature (Table 1) . Some conclusions can be drawn from the data obtained from this sample of 96 patients.
General cytogenetic characteristics of hematopoietic malignancies associated with a NUP98 fusion gene All karyotypes of the 96 patients with a NUP98 fusion were simple, that is, with no more than three chromosomal abnormalities before clonal evolution. This is true even in therapy-related AML and MDS patients whose karyotypes are often complex. In contrast, 24 of the 43 patients of this study who did not carry a NUP98 fusion presented a complex karyotype.
As the NUP98 locus is located 3 Mb from the 11p telomere, some NUP98 rearrangements are cryptic (for example the t(5;11)(q34;p15) translocation) or subtle (for example the t(X;11)(q28;p15) translocation). The true incidence of chromosome rearrangements involving the NUP98 locus may be underestimated at the present time. Screening other patients using FISH should unravel other rearrangements involving NUP98.
General clinical-hematological data in patients with a NUP98 fusion gene Eighty percent of the 96 patients with disruption of the NUP98 gene have AML or MDS. Three quarters occurred de novo and one quarter were therapy-related AML or MDS. The de novo AML group is mainly composed of AML with maturation (AML-M2) (60%) and myelomonocytic leukemia (AML-M4) (about 20%). Only 8% of the patients were suffering from MDS (4% de novo and 4% therapy related). Interestingly, 12% were associated with a T-ALL. Also, no B-lymphoid proliferation was associated with a disruption of the NUP98 gene.
The NUP98 gene partners can be classified in three groups
As far as we know, already 19 genes are described as fused to NUP98 in various hematopoietic malignancies. The most common NUP98 gene partners are the HOX gene family, DDX10, the NSD gene family, the Topoisomerase (TOP1 and TOP2B) genes and RAP1GDS1. All these genes have been reported to fuse with NUP98 at least eight times (Table 1) . According to the clinico-hematological data, we propose to subclassify these genes in three groups.
The first group is composed of genes that are mainly associated with de novo myeloid malignancies. It comprises the HOX and the NSD genes. Indeed 33 of 37 (90%) of NUP98/ HOX fusions and 11 of 12 (90%) of NUP98/NSD fusions were found in de novo myeloid malignancies. The contribution of each HOX gene as well as the NSD1 and NSD3 genes in NUP98/HOX and NUP98/NSD fusions are indicated in Table 1 . Patients with NUP98/HOX fusions tend to be older than patients with NUP98/NSD fusions (6/37 and 8/12 younger than 20 years, respectively). Interestingly, in both translocations, most of the translocation breakpoints lie within introns 11 or 12 ( Figure 3 ).
Both HOX and NSD genes are involved in morphogenetic processes occurring during embryogenesis. The HOX genes form a complex system playing a major role in the organization of the antero-posterior axis and segmentation of the body. In addition to their role during embryogenesis, it has been demonstrated that HOX genes are involved during normal hematopoiesis. [45] [46] [47] [48] The NUP98/HOX fusion generates an hybrid protein with an homeodomain fused to the GLFG domain of NUP98. In mouse models, the Nup98/Hox fusion proteins have transforming potentialities 49, 50 dependent on the integrity of the HOX homeodomain. The FG repeats of the Nup98 moiety are also essential to provide these transforming properties presumably through the recruitment of transcriptional coactivators such as CBP/p300. 36 NSD1 and NSD3 encode (as NSD2) a nuclear-receptor set domain proteins. Constitutional haploinsufficiency of NSD1 and NSD2 induces congenital malformations, respectively Sotos 51 and Wolf-Hirschhorn syndromes. 52 The N-terminal part of NSD protein contains a nuclear receptor interactive domain. The middle and the C-terminal part contain five PHD domains and a SET domain, as in the Trx and polycomb proteins, two protein families known for their role in the regulation of HOX gene expression during embryogenesis. However, the precise role of NSD proteins either during embryogenesis or during hematopoiesis are still unknown. In the majority of NUP98/NSD fusions studied, the breakpoints are located in intron 12 of NUP98 (6/8), in intron 5 of NSD1 and in intron 3 of NSD3. The hybrid protein contains the N-terminal GLFG Nup98 domain fused to almost the entire NSD protein except its nuclear receptor interactive N-terminal domain. The precise role of these fusion proteins during the leukemic processes remains to be investigated.
The second group is composed of genes that are often associated with therapy-related myeloid disorders. It comprises the TOP family genes (TOP1 and TOP2), and DDX10. Indeed, seven of 13 cases of NUP98 fusions with DDX10 and five of 10 fusions with TOP1 are found in therapy-related myeloid disorders. Together, they account for 25% of NUP98 partners, 14% (13/96) for DDX10 and 11% (11/96) for TOP1 and TOP2B (Table 1 ). In half of the patients with NUP98 gene fusion the hematologic disorder occurs in young patients, that is, less than 20 years old. Surprisingly, nine of 10 patients with a NUP98/ TOP1 fusion were females. Interestingly, In fusions involving these genes, the breakpoints localisation within NUP98 are nonrandom (Figure 3 ). They were located within intron 13 of the NUP98 gene in all cases of NUP98/TOP1 fusions and mainly in intron 14 (10 patients, and only one in intron 12) in NUP98/ DDX10 fusions. Genes of this group are all involved in unwinding and relaxing nucleic acid molecules.
The third group has only one member, the RAP1GDS1 gene which is involved in T-ALL (all the eight cases reported until now). NUP98/RAP1GDS1 fusions represent 9% (8/96) of the NUP98 fusion genes ( Table 1) . Half of these patients are less 20 Figure 3 NUP98 breakpoints localization. Molecular data of 92 -NUP98/partner genes show a NUP98 clustering of genomic breakpoints depending on the partner gene. Each partner gene is listed above the NUP98 specific breakpoints. The figure after the NUP98 partner genes indicates the number of patients bearing this NUP98/partner fusion.
years old. There is no sex ratio deviation. In contrast to gene of group 1 and 2, the RAP1GDS1 gene codes for smgGDS, a cytoplasmic protein belonging to the Armadillo (ARM) family proteins. SmgGDS promotes guanine nucleotide exchange by small GTPases like Rac1 and RhoA. In this way, it interferes with the regulation of the actin assembly associated with membrane ruffling. 53 Different kinds of fusion transcripts can be generated by the t(4;11)(q21;p15) translocation. Until now, seven patients have been studied at the molecular level. The localisation of the breakpoints was always within the intron 1 of RAP1GDS1 gene and intron 12 (five of the seven patients), intron10 (one) 30 and intron 11 ( one of our cases) (Figure 3 ) of the NUP98 gene. All these fusion transcripts encode a chimeric protein composed in its N-terminal part of the GLFG Nup98 domain and the entire protein smgGDS except its initial methionine. To date the involvement of Nup98/smgGDS in the leukemic process has not been proven in any experimental model.
The three groups represent altogether 86% of the NUP98 fusions known today. The other 14% involved the PRRX, LEDGF, ADD3 and C6orf80 genes. It is too early to class them in one of the groups delineated above.
In conclusion, the validity of the classification of NUP98 fusions proposed here remains questionable until more data are obtained on the function of the genes involved. If specific pathways are correlated with some fusions or common to all of them remains an open question. The use of microarray technology will help to answer this question. Two major conclusions may be drawn from the present study. Firstly, owing to their cryptic nature, there are probably further rearrangements which remain to be detected by cytogenetic and FISH methods. The detection of any new gene fusion and the analysis of its consequences will contribute to our understanding of the role of NUP98 fusion genes. Secondly, the GFCH study included any hematopoietic disorders associated with a 11p15 abnormality. Only 23 exhibited a NUP98 rearrangement. Analysis of patients with a 11p15 rearrangement not involving NUP98 deserves further studies.
